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ABSTRACT 

Free  flight  aerodynamic  range  data  are  presented  for  the  107mm 
XM  571  RAC  mortar  projectile  in  unboosted  configuration.  Seven  differ¬ 
ent  models  were  tested  and  most  of  the  data  was  obtained  for  the  square 
base  shell  with  extension.  For  M  ~  0.8  and  within  the  small  yaw  region, 
this  projectile  developed  a  quintic  Magnus  moment.  It  was  established 
that  the  length  of  the  base  attachment  (extension)  directly  influenced 
the  values  of  the  aerodynamic  coefficients. 
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1.  INTRODUCTION 


The  XM  571  is  a  spin  stabilized,  rocket  assisted,  IDS  projectile 
proposed  for  use  in  the  107mm  mortar.  The  test  shell  represents  an 
attempt  to  make  a  major  improvement  in  range  performance  with  the  IfT/cun 
mortar  system.  In  addition  to  the  rocket  boost  feature  it  also  had  a 
low  drag  shape  with  a  long  ogival  nose.  Figure  1,  which  would  provide 
a  higher  critical  Mach  number.  These  feature::,  however,  decrease  the 
stability  level  of  the  shell  and,  as  a  result,  the  XM  571  was  designed 
for  use  with  a  l/l8  twist  tube  rather  than  the  twist  of  1/20  employed 
with  the  current  shell,  the  M  329  shown  in  Figure  2.  Other  features 
of  the  revised  mechanical  design  include  a  pre- engraved  rotating  band 
and  a  discarding  plastic  obturator. 

The  107mm  mortar  is  muzzle  loading  and  a  cylindrical  cartridge 
container  extending  from  the  base  of  the  shell  is  used  to  position  the 
shell  in  the  breech  of  the  mortar  and  provide  a  powder  chamber  volume . 

The  cylindrical  container  is  retained  in  flight.  One  of  the  previous 
improvements  employed  with  the  M  329  shell,  and  incorporated  into  the 
design  of  the  XM  571,  is  the  use  of  an  extension  to  the  cartridge  con¬ 
tainer  for  use  with  higher  powder  charges.  The  use  of  the  extension 
results  in  a  total  cylindrical  protuberance  about  0.3  caliber  in 
diameter  ard  1-5  calibers  long.  In  the  case  of  the  M  329  it  was  dis¬ 
covered  that  the  extended  cylindrical  section  produced  aerodynamic 
changes  and  in  particular  decreased  the  gyroscopic  and  dynamic  stability. 

The  phenomena  involved  in  the  change  of  aerodynamic  properties  due 
to  the  cylindrical  attachment  was  not  well  enough  understood  to  predict 
the  changes  that  might  occur  for  another  configuration.  As  a  result, 
spark  range  tests  were  carried  out  with  the  XM  571  shell  at  an  earlier 
stage  of  the  development  than  usual.  The  series  of  tests  reported 
involved  only  unboosted  projectiles.  Mosc  of  the  tests  were  conducted 
with  a  square  base  design  that  was  of  primary  interest,  but  screening 
tests  were  also  conducted  with  several,  other  configurations.  The  object 
of  the  tests  was  to  evaluate  the  aerodynamic  characteristics  with  par¬ 
ticular  attention  to  those  changes  which  occurred  when  the  base  was 
modified . 
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II.  PROCEDURE 


The  107cm  mortar  tube  was  set-up  outside  the  transonic  ranged  mounted 
In  a  lOp  1-8A1  howitzer  carriage.  Figure  3  3  and  aligned  to  fire  horizon¬ 
tally  through  the  instrumented  section  of  the  range.  In  addition  to 
the  regular  shadowgraph  stations  within  the  range,  two  photographic 
stations  were  placed  three  feet  and  eleven  feet  from  the  muzzle  outside 
the  range  and  one  station  was  placed  20  feet  from  the  muzzle  and  immedi¬ 
ately  inside  the  range  opening.  These  stations  were  located  to  record 
the  development  of  the  yaw,  particularly  the  yawing  rate,  and  to  aid  in 
the  analysis  of  the  effects  of  the  nuzzle  blast.  Inside  the  range,  a 
mosaic  station  was  employed  to  obtain  fine  detail  shadowgraphs  on 
selected  rounds. 

The  aerodynamic  tests  consist  of  free  flight  evaluation  of  the  inert 
projectiles  at  two  Mach  number  conditions,  M  ~  .5  and  M  ~  -8.  Variations 
in  hase  configuration,  as  catalogued  in  Table  I,  include: 

a.  Square  hase  or  boat  tail. 

b.  Extension,  cartridge  container  alone,  or  without  cartridge 
container. 

c.  Different  arrangements  of  obturator;  large,  small,  and 
with  and  without  pressure  plate. 

d.  Rounds  with  long  thin  starting  cartridge  containers. 

The  square  hase  projectile  with  extension  represents  one-half  of 
the  number  of  data  rounds  fired.  Geometric  modifications  of  the  shell 
base  and  appendage,  principally  boattailing  with  ana  without  extension, 
accounted  for  the  remainder  of  the  data.  The  aerodynamic  coefficients 
were  obtained  by  the  standard  reduction  technique^  using  the  measure¬ 
ments  from  the  shadowgraphs  and  corresponding  times  from  the  electronic 
counters . 

Physical  dimensions  and  mass  moments  of  inertia  of  the  rounds  were 
measured®  prior  to  firing.  A  photograph  of  the  unfired  projectiles 
illustrating  the  different  cartridge  containers  and  extensions  is  pre¬ 
sented  as  Figure  4.  The  physical  dimensions,  weights  and  moments  of 
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Figuro  3*  Set-Up  of  Launch  Platform 


inertia  are  given  on  Figure  5S  and  Figure  6  is  a  dimensioned  sketch  of 
the  projectile  on  which  rest  of  the  data  was  collected. 

III.  KESULIS 

The  results  are  given  in  Table  U.  the  Table  of  Aeroiynaiaic 
Coefficients,  and  the  drag,  static  names t  and  dynamic  coefficients  are 
discussed  in  separate  context  in  following  sections.  Figures  7,  8  and 
9  are  photographs  of  the  projectile  at  the  three  added  photo  stations 
outside  and  just  inside  the  range  entrance .  Measurements  of  these 
photos  were  not  used  nor  were  they  required  for  the  determination  of 
the  aerodynamic  coefficients  cat  the  pictures  clearly  indicate  that  the 
obturator  has  been  discarded  vithin  three  feet  of  the  mizzle  of  the  mor¬ 
tar.  The  initial  yav  informatics  vas  of  relatively  lev  reliability  and 
the  effort  to  pursue  a  detailed  analysis  of  the  nuzzle  blast  effect  had 
to  be  abandoned . 

The  resale.  Figure  10,  shows  a  boat  tail  round  carrying  an  exten¬ 
sion.  She  flow  in  the  region  of  the  base  is  generally  disturbed,  with 
boundary  convergence  developing  along  the  length  of  the  cartridge  con¬ 
tainer  and  extension  and  a  recirculation  region  extending  vithin  .4 
caliber  to  the  base  of  the  shell-  With  this  design,  the  axial  and 
radial  pressures  in  the  near  wake  act  on  the  cartridge  container  and 
extension  and  produce  forces  vhich  are  critical  to  the  determination  of 
the  Magnus  and  carping  characteristics  of  the  projectile-  Ko  free 
flight  measurements  of  the  pressure  gradients  are  presently  available. 

Except  for  the  limited  Mach  number  range,  the  results  define  the 
aerodynamic  properties  of  the  configuration  with  square  base  carrying 
an  extension.  The  individual  data  for  the  shell  with  modifications  are 
also  reliable  but  the  restricted  coverage  prevents  any  clear  definition 
of  their  properties,  either  as  a  function  of  yaw  or  of  Kach  number. 

In  Table  II,  the  length  of  the  swerve  arms  for  Rounds  8203  and  8439  is 
too  small  to  establish  reliable  values  cf  CL  .  The  damping  moment  and 

li 

or 
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The  following  table  lists  tho  variations  in  shell  eonf  igux'ation .  Reference  5  and 
Figures  4  and  5  further  dooeribo  the  modificationo  of  the  test  projectiles.  All 
rounds  were  pre-ongraved  to  accommodate  the  3/3$  twist  of  the  mortar  tube.  All 
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Figure  6.  Dimensional  Sketch 
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Kagsus  ncaent  coefficients  are  reported ,  although.  their  values  depend 

on  CL  -  since  they  apoear  to  be  consistent  with  corresponding  data. 

1? 

at 

A.  Srag 

The  drag  coefficient.  C^.  Is  plotted  versus  62-  the  mean  squared 

yaw,  on  Figures  11  and  32-  CL  was  obtained  for  each  round  free  a  least 
squares  fit  of  tine  as  a  cubic  in  distance.  For  each  configuration, 

the  data  was  teas  reduced  to  a  CL^  'ey  the  expression3®: 

o 

S  =  ^  <*> 

O  6 

where  CL^  is  the  yaw  drag  coefficient.  usually  changes  with  Mach 

number  and  several  test  points  at  different  yaws  per  Mach  range  investi¬ 
gated  are  required  to  determine  CL^  and  CL^  .  Sven  a  two  point  detemin- 

ation  Is  often  reasonable  considering  the  hig3  precision  of  the  electron¬ 
ic  timing  equipment  and  the  transonic  range  station  survey^1.  The  overall 
accuracy  of  the  determination  of  Is  within  less  than  1$  error. 

Mach  number  effects  were  not  firmly  established  since  the  program 

was  not  Intended  to  provide  a  distribution  in  test  velocity.  However. 

the  yaw  slope  (CL  )  is  shown  on  Figures  11  and  12-  CL  for  the  souare 
°bz  ^62 

base  projectiles  with  extension  was  found  by  linear  least  squares  fit  to 

he  equal  to  4.6/rad2  for  the  M  ~  .8  data.  The  yaw  slopes  for  the  other 

data  were  determined  graphically.  There  is  a  change  in  the  yaw  slope 

in  Figure  11  and  Figure  12  for  >6°.  However,  CL  for  these  higher 

yaw  values  cannot  be  established  without  additional  data  in  this  range. 

Lower  drag  coefficients  were  associated  with  (l)  boat  tailing,  (2) 
the  addition  of  the  large  diameter  cartridge  container,  and  (3)  the 
extension  attachment.  Boat  tail  projectiles  with  the  thin  boom  showed 
a  CLj  value  between  the  projectiles  without  extension  and  those  with  no 
base  appendage  except  the  rocket  nozzles. 
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Square  Baoe  Projectile 


B.  Static  Moment  Coefficient  Properties 


The  data  for  the  square  base  projectiles  with  extension  at  M —  .8 
remitted  the  development  of  an  equation  for  the  aerodynamic  moment 
coefficient  of  the  form: 


(^Static  '  +  6*>  8 

a. 


(2) 


through  the  technique  of  fitting  the  (Cj,  )R,  determined  from  the  linear- 

a 

Ized  fit  of  the  range  data,  as  a  function  of  an  average  yaw  parameter 
for  the  flight  by  least  squares.  This  gave  values  of  Cj,  =  3*93  and 


a 


cz  =  -2.9*  These  data  and  those  of  the  other  square  base  shell  are 
plotted  in  Figures  13  and  Ih  as  a  function  of  the  effective  yaw  para¬ 
meter  of  the  test,  6*.  A  line  fit  oh  this  form  of  graph  yields  an  inter¬ 
cept  that  is  the  term  and  a  slope  which  is  the  cz  coefficient  in 
a 


the  above  equation.  The  analytical  fitting  line  for  the  square  base 

shell  at  M~  .8  is  given  and  the  remainder  are  graphical.  Three  points 

for  square  base  rounds  with  extension  at  M  ~  .5  indicate  a  higher  slope 

and  intercept  but  the  absence  of  data  overlap  in  these  two  groups 

prevents  determination  of  whether  this  is  a  Mach  number  effect  or  whether 

this  indicates  a  more  complex  yaw  behavior  with  no  Mach  number  influence. 

(Cjj  for  the  remaining  types,  those  without  extension  and  those  without 
a 

cartridge  container,  are  also  isolated  in  both  Mach  number  and  yaw  level. 
The  analytical  value  of  c2  previously  determined  can  be  passed  through 
each  group  with  good  representation.  Various  base  fixtures  change  the 
center  of  mass  of  the  assembly  slightly.  The  moment  coefficient  slope 
of  the  shell  with  extension  is  considerably  higher  than  those  of  the 
others  and  correction  to  an  identical  center  of  mass  position  does  not 
reduce  this  difference  significantly.  Thus,  the  principal  effect  of  the 
extension  in  the  increase  of  is  aerodynamic  in  nature.  A  similar 

adjustment  to  the  data  for  the  other  types  superimposes  the  results. 
Although  these  two  groups  of  data  are  not  at  the  same  Mach  number,  this 
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WITH  EXTENSION 

WITHOUT  EXTENSION 

WITHOUT  CARTRIDGE  CONTAINER 


Figure  13-  (C  Lj  Square  Base  Projectile 


suggests  that  the  effect  of  the  cartridge  container  alone  is  primarily 
a  mechanical  shift  of  the  renter  of  mass  of  the  shell. 

Data  for  the  boat  tail  shell  are  sparse  and  a  reasonable  determin¬ 
ation  of  the  influence  of  yaw  is  possible  only  for  the  shell  with  exten¬ 
sion  at  M  ~  .8.  The  general  pattern  is  very  similar  to  that  of  the 
square  base  shell,  however;  the  shell  with  extension  produce  a  higher 
value  of  CM  and  the  difference  is  predominantly  aerodynamic,  the  slope 

■O' 

of  these  data  is  at  least  compatible  with  the  remaining  groups,  and  the 
differences  between  the  shell  with  and  without  cartridge  container  are 
small.  A  special  thin  boom  was  tested  on  the  boat  tail  shell.  Figure  4, 
which  had  the  length  of  the  normal  cartridge  container  plus  extension 
but  was  of  smaller  diameter.  These  data  lie  between  those  of  the  shell 
with  normal  cartridge  container  and  those  of  the  shell  with  extension. 
For  the  boat  tail  shell  the  magnitude  of  the  change  due  to  the  extension 
is  only  slightly  larger  than  that  which  occurred  for  the  square  base 
version.  In  general,  the  boat  tail  projectiles  have  about  a  ten  per 
cent  higher  over- turning  moment  value  than"  the  square  base  shell. 

The  lift  curve  slope,  ,  is  shown  in  Figure  15.  This  coefficient 

a 

is  not  well  determined  at  small  yaws  because  of  the  small  amplitude  of 

the  swerving  motion  in  these  cases.  Except  for  a  weak  decreasing  trend 

at  the  higher  yaw  levels,  there  is  little  to  distinguish  the  data  for 

various  levels  of  yaw,  Mach  number  or  types  of  projectiles.  The  M~  .5 

data  for  the  square  base  shell  with  extension  do  lie  below  the  level  of 

the  M  ~  .8  data  but  are  also  at  lower  yaw  levels  and  poorly  determined . 

Apart  from  this  aberration,  a  value  of  about  1.9  could  represent  all 

a 

of  the  better  data  below  about  six  degrees  of  yaw.  For  the  boat  tail 
projectiles,,  the  lift  curve  slope  appears  to  increase  with  the  square  of 
the  effective  yaw  as  determined  by  the  three  data  points  representing 
the  shell  with  extension  at  M~  .8.  The  remaining  configurations 
present  too  few  data  to  establish  trends. 
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Since  the  moment  coefficient  was  very  sensitive  to  the  addition  of 
the  extension  and  the  force  coefficient  was  not,  the  result  implies  a 
change  in  the  center  of  pressure  location.  The  center  of  pressure  of 
the  normal  forces  lies  about  .6  caliber  more  forward  for  the  square  base- 
shell  with  extension  than  it  does  for  the  other  square  base  shell. 


C.  Magnus  and  'Jamping  Moment  Coefficients 


The  coefficients  denoted  as 


Si  and  (Si 


C..  )  derived  from  the 
M* 


pey  q  a 

range  data  are  basically  obtained  from  the  damping  factors,  X.,  which 
result  from  fitting  the  epicyelic  yaw  equation  to  the  measured  yawing 
motion  data.  The  epicyclic  yaw  equation  and  its  associated  X  parameters 
are  a  solution  to  the  linearized  equation  of  the  yawing  motion: 


f"  +  (H  -  iP)  T'  -  (M  +  iPT)  f  =  0 


(3) 


If  the  coefficients  of  §  and  §  in  the  differential  equation  describing 
the  actual  yawing  motion  are  nonlinear  with  yaw  amplitude,  the  linear 
aerodynamic  coefficients  deduced  from  the  fit  of  the  epicyclic  solution 
of  the  linear  equation  to  the  actual  data  will  also  show  nonlinearities. 
However,  nonlinearities  in  particular  aerodynamic  terms  influence  and 
interact  with  the  linearized  fit  coefficients  normally  associated  with 
other  aerodynamic  terms.  Therefore,  with  nonlinearities  in  either  the 
Magnus  or  damping  moment  slopes,  it  is  convenient  to  analyze  these 
unrelated  aerodynamic  properties  together  since  the  interacting  para¬ 
meters  from  the  linearized  fit  can  then  be  considered  simultaneously  in 
order  to  distinguish  between  the  basic  aerodynamic  variations. 

These  (C^  )pand  (Cj^  +  )p  coefficients  from  the  fits  of  the 

pa  q  O' 

data  for  all  the  types  tested  indicated  that  some  nonlinearity  was 
present.  In  the  case  of  the  square  base  projectile  with  extension, 
and  only  in  this  case,  there  were  sufficient  data  to  indicate  that  not 
only  was  a  nonlinearity  present  but  that  it  was  ether  than  the  cubic. 

The  case  of  the  cubic  moments  has  been  reported  and  is  usually  treated 
in  terms  of  the  variations  of  the  derived  coefficient  terms  (c^.  )R  and 
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J 


t  t 


li 

I : 


fl 


(C^  +  )r  effective  yaw  variables.  For  the  more  detailed  inves- 
q  a 

tigation  of  the  higher  order  nonlinearity  indicated  by  the  plotted 
results,  the  damping  factors  themselves  are  used  since  they  are  directly 
determined  from  the  yawing  motion  fit. 

The  basic  theory  underlying  the  analysis  by  means  of  the  damping 
factors  is  identical  to  that  which  is  applied  when  the  linearized  aero¬ 
dynamic  terms  are  analyzed  with  respect  to  the  effective  yaw  parameters. 
Since  the  damping  factor  approach  is  less  familiar,  the  more  pertinent 
relationships  will  be  reviewed. 

If  only  the  Magnus  moment  is  nonlinear  and  is  cubic  in  yaw  level!51. 


Magnus  ^1 


+  o2  S2)  6  (Ei) 


(4) 


'O' 


and  the  comparable  relation  for  the  damping  factors  is 


X.  =  X._  +  X._  (62)  . 
l  lO  i2  ei 


where  "i"  is  either  N  or  P.  For  this  particular  case  X^  =  -X^  and 


(5) 


P2 


the  slopes  of  the  X^  on  the  effective  yaw  plot  are  equal  in  magnitude 
but  opposite  in  sign.  This  is  not  the  case  if  damping  moment  nonlinear¬ 
ities  are  involved,  either  alone  or  in  combination  with  a  Magnus  moment 
nonlinearity.  The  X^  data  for  the  square  base  projectiles  with  exten¬ 
sion  show  a  mirror  image  pattern,  but  one  that  has  a  higher  order  than 


linear  when  plotted  versus  6 


ei 


This  suggested  that  only  a  Magnus 


moment  nonlinearity  was  involved. 

For  a  higher  order  nonlinearity  of  the  Magnus  moment 

s4  + . )  6  (jyh 


^Magnus  "  (co  +  °2  8‘ 


+  C, 


V 


(6) 


and  the  resulting  damping  factor  expression^  is 


X.  =  X.  +  X.c  (6s)  .  +  X.,,  (64)  .  + 


xo 


ei 


i4 


ei 


(7) 
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In  this  exoression  the  A.„  and  A.i  coefficients  are  also  eaual  in 

i2  i4 

magnitude  and  opposite  in  sign  for  Ajj  and  Xp.  However,  although  the 
(CjpMagnus  var^a^^on  as  polynomial  in  the  aerodynamic  yaw,  the  X. 
expressions  in  terms  of  the  effective  yaw  parameters,  which  are  averaging 
quantities,  are  not  since: 


(6‘)ei*|V>eij 


Thus,  the  relations  between  the  A.,  and  X.,  coefficients  must  he 

i2  i4 

established  by  fitting  the  data  analytically. 

If  this  equal  and  opposite  variation  of  the  higher  order  coefficients 
is  established,  it  is  not  only  proven  that  the  only  nonlinearity  is  in 
the  Magnus  moment  and  that  it  is  polynomial  in  yaw  to  the  degree  of  the 
fit  required  in  treating  the  X  data;  but  the  parameters  of  the  X  fit  also 
can  be  used  in  determining  the  terms  in  the  Magnus  moment  coefficient 
expansion  and  the  constant  value  of  (c^  +  C^). 


2  m 
p  S  d 


'ho  0p  *  XK)  h 


!)-^J 
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With  the  data  for  the  square  base  projectile  with  extension  in  the 
M  ~  .8  range  the  nutational  and  precessional  damping  rates  were  first 
fitted  by  least  squares  independently.  The  results  were: 


K 


X^  =  +  .484  X  10"3  l/cal 

X^  =  -  .987  x  10“3  l/cal 

hi2  =  ~  -073  x/cal 

Xpg  =  -i-  .078  l/cal 

V  -  *  1-65  l/cal 

Xp4  =  -  .1.79  l/cal 

=  .563  x  10'3  l/cal 

cr_p.  j_  =  .118  x  10"3  l/cal 

XX  0 

Since  XJJ2  =  -  and  X^j,  =  -  Xpl.  to  well  within  the  accuracy  of  the 

data  fit,  the  conditions  for  only  a  I-Sagnus  moment  nonlinearity  are 
satisfied  and  terms  of  order  higher  than  (64 are  not  needed  for  the 
range  of  yaw  <*.  <  11° .  The  X_  and  X„  data  were  then  fitted  simultan- 
eously  with  the  constraint  that  X^  =  -  Xp^  and  X^  =  -  Xp^  to  obtain 
the  final  coefficients.  These  results  were: 

V,  =  +  -496  x  loT* 

l/cal 

Ipp  =  -  -78a  x  10“3 

l/cal 

Xn2  -  -  -075 

l/cal 

V  = +  ^ 

l/cal 

<7~,  =  .123  X  10'3 

1J.V 

l/cal 

This  enforced  antisymmetry  of  the  X^  and  X^  coefficients  produces  only 
a  slightly  larger  error  of  fit  than  the  better  of  the  two  separate  fits. 

The  aerodynamic  coefficients  derived  from  this  fit  are: 

(CmWus  -  (1-38  -  143  +  3300  6‘)  8  [V]  (10) 

(Sl  +  ^  =  ~  8’13  W 

q  a 


and  are  valid  for  these  data  for  the  yaw  range  to  approximately  six 
degrees.  The  analysis  applied  to  the  data  for  the  square  base  projectiles 
with  extension  was  possible  because  the  number  of  data  points  was 


In  Figure  16,  the  data  for  the  square  hase  designs  are  plotted  as  a 

function  of  the  effective  yaw  level,  (62)g.  The  previous  analytical 

determination  for  the  projectile  with  extension  is  given  to  show  the 

nature  of  this  higher  order  variation  as  a  background  for  the  remaining 

types.  In  order  to  plot  an  analytic  curve  from  the  auartic  fit  equation 

as  a  function  of  (62)g  alone  it  is  necessary  to  select  a  particular  type 

of  motion  to  define  the  (64)  term  in  terms  of  (62)  .  The  motion  with 

e  e 

equal  nutational  and  precessional  modes  was  selected  as  the  basis  and, 
for  this  case,  (&4)g  =  -p-  C(S2)e32- 

Thus,  the  solid  curve  in  Figure  16  represents  the  expected  value  of 
(CJ5  )  reduced  from  a  group  of  hypothetical  test  rounds  having  equal 

“O' 

epicyclic  arms.  Many  of  the  range  test  rounds  approximate  this  con¬ 
dition  but  the  curve  cannot  be  considered  directly  as  a  fit  of  the 
actual  data  which  are  also  plotted.  The  curve  based  on  the  square  base 
projectile  with  extension  shows  a  steep  descent  to  negative  values  at 
yaw  angles  of  about  7°,  a  flattening  out,  and  then  reversal  of  curvature 
in  the  9°  region — indicating  that  the  higher  order  term  will  eventually 
dominate.  High  positive  Magnus  moment  values  would  be  expected  at  both 
small  and  large  yaw. 

The  data  for  the  other  conditions  seem  to  show  weaker  variations 
but  do  not  exhibit  a  complete  picture  in  any  case.  The  data  for  the 
square  base  shell  without  extension  are  at  M~  .5  and  are  concentrated 
in  the  small  yaw  region.  These  show  approximately  a  linear  variation 
in  the  ( )  versus  (62)  plot  which  over  this  small  range  of  yaw 

(0°  <  Uj.  <  6°)  would  be  represented  by  equation  14.  The  data  for  the 
shell  without  cartridge  container  consisted  of  two  points,  both  at 
M  ~  .8;  one  at  a  yaw  level  greater  than  that  of  the  shell  without  exten¬ 
sion  and  the  other  at  the  upper  limit  of  the  shell  with  extension. 

These  have  a  near  zero,  but  negative,  value  that  changes  little  with  yaw 
level.  Thus,  over  this  range  the  Magnus  moment  is  linear  with  yaw  and 
the  indicated  range  value  is  (C^  )Q.  The  data  for  all  the  square  base 


WITH  EXTENSION 


Figure  16.  (CM  )R,  Square  Base  Projectile 


designs  seems  to  converge  at  about  five  degrees  of  yaw.  Except  in  a  few 
cases,  this  is  the  upper  limit  of  the  yaw  level  for  these  tests. 

In  Figure  17 5  which  presents  the  Magnus  moment  slope  for  the  boat 
tail  projectiles ,  the  few  data  suggest  trends  similar  to  those  of  the 
square  base  designs.  The  data  for  the  shell  with  extension  show  high 
positive  values  at  small  yaw  and  a  decreasing  curving  trend;  the  shell 
without  extension  and  those  without  cartridge  container  yield  data  with 
smaller  values  of  (C^  at  small  yaw  and  less  indication  of  variation 

Pa 

with  yaw.  The  data  from  the  boat  tail  projectile  with  special  thin  boom 
indicate  possible  differences  which  do  not  define  a  consistent  Mach 
number  or  yaw  variation  but  the  derived  values  from  the  fit  of  the  range 
data  are  the  most  negative  of  those  measured. 

The  most  interesting  features  of  the  Magnus  data  are  the  marked 
nonlinearity  of  the  data  for  the  shell  with  extension  and  the  general 
similarity  of  the  data  for  the  3quare  base  and  boat  tail  shell  with 
similar  empennages.  For  the  inertial  characteristics  of  these  shell  a 
large  positive  value  of  the  Magnus  moment  slope  leads  to  a  divergent 
precessional  yaw  mode .  Thus ,  the  shell  with  extension  are  dynamically 
unstable  at  small  yaw,  dynamically  stable  at  higher  yaws  and  the  Magnus 
data  suggest  high  moments  could  occur  again  at  still  higher  yaw  levels, 
which  is  discussed  briefly  on  pages  47  and  18  of  this  report.  The  large 
differences  in  behavior  as  a  function  of  types  of  boom  structure  suggest 
that  the  aerodynamic  influence  of  the  boom  dominates  the  damping  behavior 
of  the  shell. 

The  individual  round  data  for  (C^  +  C^.  )R  are  given  in  Table  II. 

q  d 

Variations  in  these  values  reflect  experimental  error  and,  since  they 
were  determined  by  linear  fits,  are  also  biased  by  the  influence  of  the 
nonlinear  Magnus  moment.  In  the  ca.Ce  of  the  square  base  shell  with 
extension  the  previously  described  damping  factor  fit  established  the 

true  value  of  the  (C^  +  )  as  a  constant  over  the  test  range  of  yaws. 

q  <* 

Graphing  the  data  for  the  other  square  base  projectile  types  suggested 
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a  similar  phenomenon  and  could  be  extrapolated  to  a  true  value  with  some 
degree  of  assurance.  The  data  for  the  boat  tail  shell  was  sparse  and 
there  were  a  maximum  of  three  data  points  for  a  giytii  shell  at  one  Mach 
number.  The  few  data  points  for  each  condition  were  reviewed  for 
quality  and'  the  degree  of  bias  expected  due  to  the  Magnus  variation  and 
on  this  basis  a  representative  value  for  each  case  was  selected.  These 
values  are  given  in  Table  III. 

The  major  features  shown  are  that  the  values  of  (c^  +  )  for 

q  at 

both  the  boat  tail  and  the  square  base  shell  with  similar  empennages 
are  comparable ,  and  the  shell  with  or  without  cartridge  container  exhibit 
similar  damping  coefficient  levels  in  all  cases.  The  shell  with  exten¬ 
sion  shows  damping  coefficients  about  twice  as  large  as  those  of  the 
other  cases. 


Table  III.  Table  of  Damping  Coefficients 

1  • 


1  Type  Projectile 

i 

°M  +CM. 
q  O' 

Mach 
No . 

Method  of 
Determination 

Number  of 
Data  Points 

’  Q) 

W 

A 

<D 

With- Extension 

-  8.1 

.8 

Analytical 

13 

Without  Extension 

-  4.5 

•  5 

Graphical 

4 

i 

w 

Without  Cartridge: 
Container 

-  3-5 

.7 

Graphical 

- 

2 

With  Extension 

-10.0 

.8 

Selection 

3 

H 

•H 

Without  Extension 

-  3-0 

.8 

Selection 

• 

2 

1  -P 
ci 

$ 

Without  Cartridge 
Container 

-  6.0 

.8 

Selection 

2 

- 

1 _ 

With  Thin  Boom 

-  5;5 

L±_ 

Selection 

3 .  . 

I 

i  o 


i 

•  1 


< 


«$» 


The  variation  of  the  damping  factors  with  effective  yaw  for  the 
square  base  shell  with  extension  indicates  that  the  precessional  yaw 
mode  damps  and  that  the  nutational  mode  diverges  for  small  yaw  levels. 
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At  higher  yaws,  both  modes  damp.  This  would  result  in  a  circular  yaw 
limit  cycle  for  the  nutaiional  mode.  The  fitting  equation  for  L„.aan  bo 

It  ~  , 

to  compute  the  damping  factor  as  a  function  of  yaw  level  for  the 
conditions  at  launch  assuming  .pure  nutational  yaw.  The  equation  can  also 
be  modified  to  Compute  X.j  for  the  case  of  an  infinite  stability  factor. 

The  actual  values  of  X^  for  almost  all  proposed  mortar  trajectories  are 
bounded  by  these  two  determinations,  and  these  two  curves  are  plotted  as 
Figure  18.  Zero  yaw  values  for  XjT  are  different  but  the  cross-over 
points  to  damped  behavior  for  the  two  cases  are  very  close ,  5 ,2  and  5 .7 
degrees  yaw,  which  indicates  a  general  residual  motion  of  the  projectile 
of  about  5b  degrees  yaw.  The  first  zero  noint  of  the  X„  curve  is  inter- 
ior  to  the  range  of  the  data  used  in  the  fit  and  is  quite  reliable.  The 
existence  of  the  higher  order  term  in  the  Magnus  moment  variation  pro¬ 
duces  a  second  intercept  with  the  zero  axis  at  higher  yaws.  This  indicates 
that  the  projectile  could  again  become  dynamically  unstable  at  yaw  levels 
above  those  of  this  test.  In  the  case  of  the  launch  condition  curve 
this  is  indicated  at  about  eleven  degrees  and  for  the  limiting  case  at 
about  1 2y  degrees.  The  second  zero  damping  point  involves  an  extra.7- 
polation  of  the  fitting  curve  beyond  the  range  of  the  test  data  and  must 
be  considered  speculative. 


IV.  SUMMARY 

Some  variations  of  twc  versions  of  the  XM  571  RAC  107mm  spin 
stabilized  mortar  projectiles,  without  rocket  assist,  were  evaluated  by 
free  flight  range  testing.  The  two  principal  modifications  of  the  18.28 
caliber  secant  ogival  nosed  configuration  were  the  presence  of  a  boat 
tail  rather  than  a  square  base,  and  the  addition  of  the  extension  to 
the  starting  cartridge  container.  A  small  number  of  rounds  were  fired 
with  a  long  thin  starting  cartridge  container  and  others  without  any 
base  appendage.  The  tests  covered  a  yaw  range  up  to  about  10°  but  were 
restricted  to  two  2-iach  numbers,  M  ~  .8  and  .5,  with  half  of  the  data 
rciints  representing  the  shell  with  the  square  base  and  extension. 


The  general  influence  of  the  extension  on  the  aerodynamic  properties 
is  to  produce  a  lower  drag,  higher  static  moment,  strongly  nonlinear 
Magnus  moment  and  large  damping  moment  coefficient.  Those  shell  without 
extension  indicated  a  lower  drag  than  those  without  cartridge  container, 
but  there  was  no  essential  difference  between  these  groups  in  static 
moment,  Magnus  moment  or  damping  coefficient.  From  the  data  available, 
the  boat  tail  and  the  square  base  projectile  show  similar  performance 
except  that  the  drag  is  lower  for  the  boat  tail  shell  and  the  static 
moment  coefficient  is  characteristically  higher. 


For  the  shell  with  extension,  the  high  Magnus  moment  at  smal]  yaw  is 
sufficient  to  induce  a  divergence  of  yaw  while  at  higher  yaw  the  lower 
value  of  CL.  permits  damping.  Hence,  a  small  limit  cycle  yawing  motion 


pa 


will  normally  result. 
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